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We investigate the ionospheric response to events where the z-component of
the interplanetary magnetic field, B;, becomes large and negative for several
hours, associated with the largest geomagnetic storms over the prior solar maxi-
mum period (2000-2004). We compute the average vertical total electron content
(TEC) in the broad region covering 1200-1600 local time and +40 degrees geo-
magnetic latitude (dipole), using data from the global network of Global Posi-
tioning System (GPS) receivers. In several cases, we find approximately a two-
fold increase in total electron content within 2-3 hours of the time when the
southward-B; solar wind impinged on the magnetopause. We also analyze day-
time super-satellite TEC data from the GPS receiver on the CHAMP satellite or-
biting at approximately 400 km altitude, and find that for the October 30, 2003
storm at mid-latitudes the TEC increase is nearly one order of magnitude relative
to the TEC just prior to the B; southward onset. The geomagnetic storm-time
phenomenon of prompt penetration electric fields into the ionosphere from en-
hanced magnetospheric convection is the most likely cause of these TEC in-
creases, at least for certain of the events, resulting in eastward directed electric
fields at the equator. The resulting dayside vertical EXB drift of plasma to higher
altitudes, while solar photons create more plasma at lower altitudes, results in a
“daytime super-fountain” effect that rapidly changes the plasma structure of the
entire dayside ionosphere. This phenomenon has major practical space weather
implications.



1. INTRODUCTION

It is well known that the interaction between southward interplanetary magnetic fields (IMFs) and the Earth’s
magnetic field leads to strong dawn-to-dusk electric fields in the magnetosphere and an overall increase in magneto-
spheric convection. This convection, in turn, causes intense ring current buildup and magnetic storms [Gonzalez and
Tsurutani, 1987; Gonzalez et al., 1994; Kozyra et al., 1997; Kamide et al., 1998]. This rapid change in magneto-
spheric conditions can have dramatic effects on the Earth’s ionosphere. If electric fields can penetrate to the low
latitude ionosphere before shielding builds up [Tanaka and Hirao, 1973], they can modify equatorial ionospheric
electrodynamics. Resulting eastward electric fields in the daytime will cause upward ExB drift in the equatorial
ionosphere during the day. This paper concerns the ionospheric effects of electric fields associated with geomag-
netic disturbances.

In this paper we analyze data from several intense interplanetary events characterized by strong southward (nega-
tive B; in GSM coordinates) interplanetary magnetic field, and measure the ionospheric consequences during the
initial phase of the magnetic storm. We report that at the equator and middle latitudes, significant increases in iono-
spheric total electron content (TEC) occur, as measured by dual-frequency Global Positioning System (GPS) re-
ceivers (Mannucci et al., 1998; Mannucci et al., 1999). Little is presently reported about the full hemispheric day-
side response to intense magnetic storms.

Significant changes in TEC can be produced soon after event onset by intense disturbance-related electric fields
originating from the magnetosphere-ionosphere interaction. Disturbance electric fields at low latitudes have been
identified principally from two causes, as: (a) prompt penetration zonal electric field often observed in the equato-
rial latitudes [Sastri, 1988; Fejer and Scherliess, 1995; Abdu et al., 1995; Sobral et al,. 1997; Sobral et al., 2001;
Fejer, 2002; Sastri et al., 2002; Kelley et al., 2003; Vlasov et al., 2003] and/or (b) delayed electric fields produced
by the disturbance dynamo driven by modified thermospheric winds due to energy input at high latitudes [Blanc and
Richmond, 1980; Richmond and Lu, 2000; Scherliess and Fejer, 1997]. Zonal electric fields from these two causes,
depending on their polarity and duration, could cause large uplifts or downdrafts of the ionospheric plasma leading
to large-scale local-time dependent enhancements or decreases of the vertical TEC.

Electrodynamics that occurs in daytime is especially important because the ionospheric plasma is highly respon-
sive to such disturbance electric fields, and the daytime is where the quantity of terrestrial plasma is largest. GPS
observations suggest that large quantities of plasma are generated rapidly (within 2-3 hours) in the equatorial region
through mid-latitudes, possibly affecting the amount of plasma entering higher latitudes. A suggestive picture of full
hemispheric response is shown in Figure 1. A global network of GPS receivers has been used to estimate vertical
total electron content along the lines of sight between each receiver and several GPS satellites in view simultane-
ously (typically 6-10). The map shows the measured average TEC, obtained at a 30-second cadence, between UT
2100 and 2115 for October 29, 2003. Over North America, an enhanced narrow plume of plasma can be seen
stretching from middle to high latitudes in the mid-afternoon sector. Vertical TEC data from a low-Earth orbiting
GPS receiver, which has no data gaps over the oceans, suggests that in the early afternoon large TEC increases have
occurred spanning the entire low-to-middle latitude ionosphere. The existence of this large “plasma pool” may con-
tribute to the large TEC gradients associated with the plume.

These hemispheric-scale plasma increases have important practical consequences. There are many applications
for which large TEC gradients, and associated instabilities, are major concerns, including to radar, communications
and GPS-based navigation systems, including those used by the Federal Aviation Administration (FAA) for civil
aircraft navigation. The fact that plasma gradients at mid-latitudes can be enhanced by plasma uplift spanning the
low-to-midlatitude dayside hemisphere is important for predictive purposes and for understanding the magnitude
and temporal evolution of significant gradients in TEC at mid-latitudes. The performance of the FAA’s system is
limited by incomplete scientific understanding of low-through-middle latitude plasma response.

In this paper we will address the problem of the dayside ionospheric response to intense solar wind forcing, using
measurements provided by the Global Positioning System (GPS) from ground and space-borne receivers. A com-
panion paper [Tsurutani et al., 2004b] analyzed the November 6, 2001 event in detail using multiple observations.



In this paper, we explore the general phenomenon of prompt TEC increases after B; southward turnings in the solar
wind for a number of events. The data tend to support the hypothesis that, in the early phases of intense geomag-
netic storms, B; southward turning is often associated with significant daytime TEC increases. Whether these are
all related to a similar cause is a matter of future research.
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Figure 1. A global “snapshot” of vertical total electron as measured by a global network of
GPS receivers on October 29, 2003 from 2100-2115 UT when a geomagnetic storm was in pro-
gress. A plasma tongue structure extending to high latitudes is visible in North America, which
may be dependent on enhanced plasma generation at low latitudes due to disturbance electric
fields. A star indicates the geomagnetic pole location. Units: 1 TECU = 10'¢ electrons/m®.

2. DATA ANALYSIS AND METHOD

Our measurements of the column density of electrons, referred to as total electron content (TEC), were obtained
from the Global Positioning System (GPS) satellite signals as received by both ground-based receivers (~200 dis-
tributed around the globe) and a receiver onboard the CHAMP satellite in low-Earth orbit at approximately 400 km
altitude. The locations of both the satellites and receivers are known to a few decimeters or better, and since straight
line propagation is essentially correct for the signals, the electron content is measured along a geographically well-
located line-of-sight between GPS satellite and receiver.

A schematic of the TEC measurement geometry is shown in Figure 2. There are approximately 28 GPS satellites
located in circular Earth orbit at an altitude of 20,200 km. For simplicity, only one GPS satellite is illustrated in the
figure. Each receiver simultaneously tracks multiple (4-10) GPS satellite signals. The relative delay between the
two GPS transmission frequencies L1 (1575 GHz) and L2 (1227 GHz) is directly related to the column density of
electrons (total number of electrons per unit area) along the line of sight [Mannucci et al., 1999; Mannucci et al.,

1998].
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Figure 2: A schematic of a GPS satellite transmitter and low altitude satellite and ground-based
GPS receivers. The GPS satellites broadcast continuous transmissions at two frequencies f (L1
and L2). Signal processing is used to extract ionospheric electron density structure (total elec-
tron content) towards multiple satellites in view simultaneously. The shaded area represents the
ionosphere.

The CHAMP satellite (Reigber et al., 2002) possesses a GPS receiver and zenith viewing antenna that tracks all
GPS satellites in view at positive elevation angles. CHAMP is in a polar orbit (87° inclination) at a slowly declining
altitude of ~400-430 km over the period of this study, with an orbital period of approximately 100 minutes. Data for
elevation angles within 70° of the vertical, or higher, were used exclusively in this study. Otherwise no other data
deletions have been performed. To normalize the measurements obtained at multiple elevation angles, the slant TEC
data have been used to estimate the vertical TEC directly above the low-Earth orbiter (LEO), assuming a simple
geometrical factor that accounts for the difference between slant and vertical TEC. We assume the vertical distribu-
tion of density is a spherical shell ionosphere of uniform (horizontally stratified) density, 700 km-thick, above the
CHAMP altitude. For elevation angles greater than 30° as used in this study, the error from this simplifying assump-
tion is not a significant factor for our analysis, as suggested in a later section.

The ground-based GPS data set used is composed of ~100 stations from the International GPS Service data cen-
ters [Moore, 2001]. The obliquity function used to estimate the vertical TEC from the slant observations is com-
puted modeling the ionosphere as a spherical slab of uniform electron density between 450 and 650 km altitude. The
latitude and longitude at which the ground-to-satellite line-of-sight intersects the ionosphere is computed using a
spherical shell at 450 km altitude. Detailed discussion concerning the removal of instrumental offsets for both
ground-based receivers and satellite-based receivers is beyond the scope of this paper. If the reader is interested in
further information on the topic of extracting TEC measurements from ground-based GPS receivers, see Mannucci
etal. [1999].

We use Level 2 data from the ACE satellite upstream of the Earth (GSM position x,y,z = 1.4 x 10° km, 1.2 x 10°
km, -2.0 x 10° km) to provide the estimates of the B, southward turning onset times that initially cause the geomag-
netic disturbance, and hourly Dst geomagnetic data from the National Geophysical Data Center to monitor the total
intensity of the resulting geomagnetic storm.



3. November 6, 2001 Storm

The event of November 5-6 2001 is analyzed first, following the detailed discussion in Tsurutani et al., 2004b.
Measured parameters pertaining to the event are shown in Figure 3. The top two panels are interplanetary parame-
ters taken by the ACE spacecraft located at 1.4 x 10° km upstream of the Earth. They are: the solar wind speed and
z-component of the magnetic field B; (GSM coordinates). Using the measured solar wind speed of ~700 km/s, a
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Figure 3: The interplanetary event of 5-6 November 2001. The interplanetary data is taken by
the ACE spacecraft. The magnetic field is plotted in GSM coordinates. The time delay of the so-
lar wind and magnetic field convection from ACE to the magnetopause is ~34 min. Thus the in-
terplanetary shock should impinge upon the magnetosphere at ~0154 UT. A strong dawn-to-
dusk electric field is imposed on the magnetosphere at this time. An AE ~ 3000 nT substorm
onset and a magnetic storm reaching a magnitude of Dst = -275 nT also start at the time of the
shock arrival.

For the remainder of the paper, we will discuss the impact of sudden intense interplanetary electric field (IEF) on
the Earth’s ionosphere (IEF = Vg x By). This electric field onset occurs at ~0120 UT at ACE and assuming a time
shift of 34 minutes, it should have been imposed on the magnetosphere at ~0154 UT. It should also be remembered
that there is a small but important “precursor” interplanetary electric field associated with the negative B; (due to the
slow magnetic cloud ahead of the shock) and a concomitant moderate storm, occurring prior to the shock electric
field event. For other events discussed in this paper, the onset time of the southward B; turnings, shifted in time
according to the measured solar wind speed, are used to assess the correspondence between changes in magneto-
spheric convection and ionospheric modification.

A synoptic view of the dayside TEC response to the interplanetary shock is available from ground-based TEC
measurements as shown in Figure 4. The data are plotted as a function of local time and magnetic latitude. Figure 4a
(top panel) shows November 4, 2001 quiet-time “baseline” data from 0409 to 0456 UT two days before the inter-
planetary event. Each colored point in the figure represents an estimate of vertical TEC from a link between a GPS



ground receiver and a GPS satellite. About ten data epochs are recorded along each satellite-receiver link during the
45-minute period of the map. Each receiver tracks numerous satellites, typically a number between four and ten, at
every epoch. Estimates of the TEC above the CHAMP satellite track from an altitude of 430 km, at approximately
1900-2000 local time (LT) over most latitudes, are superposed.

Figure 4a shows a typical pattern of global TEC, that reaches a maximum on the dayside due to solar UV and X-
ray irradiation, and is centered at approximately 1400 local time. The area of TEC values exceeding 100 TECU, the
red area, extends from —34° MLAT to +20° MLAT. The bias towards southern latitudes is typical for northern win-
tertime (November) due to the influence of the prevailing circulation from south-to-north.

Figure 4b shows the TEC distribution after the shock event on 6 November 2001, from 0414 to 0500 UT (~2 to 3
hours after the shock). The post-shock TEC distribution is markedly different from the quiet-time distribution: the
region of enhanced TEC (> 100 TECU) is much larger ranging from +48° MLAT to -40 MLAT. The westward and
eastward extent of the red areas is approximately the same pre- and post-shock: ~0900 to ~2100 LT.

From a detailed comparison (not shown) of Figures 4a and 4b at 14 LT, where the maximum TEC occurs at low
latitudes, it is noted that on 6 November the ground-based TEC has increased from ~145 TECU (4 November) to
~170-180 TECU. Thus, there is an absolute increase in TEC at this local time by ~21%. Figures 4a and 4b also
contain the CHAMP upward viewing TEC data obtained at dusk. The TEC values above CHAMP are the same as
those above the ground within an uncertainty of 10%. Thus, at ~1900 LT, nearly all of the ionospheric plasma is
above ~430 km altitude.

TEC increases can be caused by eastward-directed electric fields causing plasma uplift to altitudes of reduced re-
combination rate (see Tsurutani et al. 2004b, and references therein; also Tanaka and Hirao, 1973). The relatively
early ionospheric response for this event suggests that the mechanism for the electric fields is prompt penetration, as
opposed to thermospheric dynamo. Data that tends to corroborate the prompt electric field mechanism is shown in
Figure 5, an estimate of the equatorial electrojet (EEJ) current strength using magnetometer data. The east-west
flowing EEJ is an indirect measure of eastward-directed electric fields during daytime, since the intensity of the EEJ
depends on vertical EXB drift velocity through the intermediate mechanism of vertically-directed polarization fields
(Anderson et al. 2002; Rastogi and Klobuchar, 1990). Figure 5 shows the equatorial electrojet current intensity over
the Pacific equatorial station Yap (9.3° N, 138.5° E, dip angle: -0.6°), which was obtained by subtracting the diurnal
range of the horizontal (northward) component of magnetic field intensity (AH) over a non-EEJ station Guam
(13.58° N, 144.87° E, dip angle: 9°) from that of Yap. Although the EEJ estimate cannot be compared directly to the
IEF magnitudes, it is clear that excellent agreement exists for the temporal trends comparing the ground-based and
satellite-based data (ACE).

During the interplanetary shock event and consequential storm, Yap was in the midday sector. The large increase
of the EEJ intensity over the Pacific sector (blue trace) coincident with the shock arrival time (“S” in the figure) is
consistent with a large disturbance penetration electric field of eastward polarity produced on the dayside by the
shock event. The interplanetary electric field is superposed on this figure (calculated from the data in Figure 3 but at
a cadence of 30 minutes) and shows a pattern similar to that measured at the equator (for another example of EEJ
correlation to solar wind, see Kelley et al., 2003).
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Figure 4: The ~100-station ground-based TEC data for 4 November from 0409 to 0456 UT
(background) in panel (a) and for 6 November from 0414 to 0500 UT (post shock event) in
panel (b). Integrated electron content data above CHAMP altitude of 430 km are also shown (to
the same intensity scale). The dayside post-shock region of enhanced TEC (> 100 TECU) is
much broader in latitudinal extent, ranging from +48 ° MLAT to -40 ° MLAT, compared to the
range 28° — —34° for the region where TEC > 100 TECU on the quiet day.



An eastward disturbance electric field at daytime through dusk is consistent with Nopper and Corovillano [1978],
which contains a calculation of equatorial electric field direction when Region 1 field aligned currents are much
larger than Region 2 currents (under-shielding) assuming an average ionospheric conductance pattern. (See also
Senior and Blanc, 1984; Spiro et al., 1988; Fejer et al., 1990). It is clear from Figure 5 that a large electric field, as
inferred via magnetometer data, tracks the pattern of IEF onset and decay. This is suggestive of penetration electric
fields, as opposed to other causes (see also Kelley et al., 2003). The analysis of multiple events in the next section,
and the fact that TEC increases are always observed following soon after the large B; southward event, suggests that
the prompt penetration mechanism is a major contributor to the hemispherical dayside plasma redistribution.

4. Multi-Event Analysis

The November 6, 2001 event was studied in great detail in Tsurutani et al., 2004b. A conclusion of that work was
that the TEC changes were due to eastward-directed electric fields at the equator that appeared immediately after the
shock reached the magnetopause. The ExB plasma drift associated with this eastward electric field will lift the iono-
spheric plasma to higher altitudes where recombination rates are low, thereby reducing the average loss (recombina-
tion) rate of ionospheric plasma. Solar UV radiation will form new electron-ion pairs at lower altitudes, leading to
major increases in TEC that is the major focus of this paper. In this section, we will look at a number of interplane-
tary events of similar structure to assess the dayside TEC response.
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Figure 5: The Equatorial Electrojet —EEJ current intensity over the Yap magnetometer station
in the midday sector is shown. The reference day curve for Yap (in red) is taken from 5 Nov.
The starting time in the figure is 00 UT 5 Nov. The LT at Yap (UT plus 9 hrs) is shown at the
bottom. Vertical line 1 indicates the onset of the shock. Shown in black is the interplanetary
electric field (VB,) time shifted at each point according to the velocity measured at ACE and
assuming a distance to ACE of 1.4x10° km. The adjusted curve was subsequently shifted as a
whole to line up with the blue curve.

We are interested in the temporal behavior of daytime TEC before, during and after a number of candidate events
leading to intense geomagnetic storms. We compute a time series of average TEC in a fixed local-time/latitude re-
gion using data from a global network of ~100 GPS receivers. The coverage of the network is extensive enough that
some data exists in the prescribed local time region at all universal times, although the number of points (coverage)
varies with time, as does the latitude/longitude distribution of sites. For this reason, we plot the averages for two
days preceding the storm day to reveal the quiet time variability solely due to changing coverage and natural iono-
spheric variability. As in the previous section, an obliquity function is used to estimate the vertical TEC from the
slant TEC measurements obtained above 10 degrees elevation angle. The ionospheric pierce point location is used
to select data included in the average.

Figure 6 shows the TEC averages for the local time range 1200-1600 LT and magnetic latitude range +40 degrees
(dipole) every 30-minutes of Universal Time (UT). The vertical line(s) in each panel indicate the time at which B;
turns southward. For all these events, there was an extended southward turning of large magnitude (> 20 nT). In



some cases, there were other southward turnings (often minor), hence two or three lines in some cases. The times
are shifted by our best estimate of the velocity of the solar wind protons, as measured by the SWEPAM instrument
on ACE (see for example Skoug et al., 2004), plus one hour. The uncertainty of these times should be viewed as
130 minutes.
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Figure 6: Average TEC change as a function of Universal Time for several events for the local
time/latitude region 1200-1400 LT and +40 degrees geomagnetic latitude, normalized to the
quiet time average TEC of the 2-3 days preceding the storm event (100 = quiet time average).
The vertical lines indicate times when B; becomes negative, as measured by the ACE space-
craft, time shifted according to the delay at which the solar wind reaches the magnetopause
from ACE.

4.1 Event Discussion

All the events included here led to significant geomagnetic storms as indicated by the minimum Dst value reached
over the storm period (column 3, table 1), except for the storm on July 17, 2004 which is interesting as a “control”
case and also because major impact in the North American continent was reported (this impact is not discussed fur-
ther). Except for July 2004, these storms represent the largest Dst events in the period 2000-2004. Despite the ap-
proximations inherent in the analysis due to non-uniform coverage of the ground stations, the following pattern and
properties are discernable from figure 6:



1. In all these events, a TEC increase is clearly visible above the background variability in the preced-
ing quiet days.

2. The TEC increases always begin after an identifiable B; southward turning, in some cases immedi-
ately (within one hour) of the B; southward event, and in other cases several hours elapse.

3. A TEC decrease is often discernable several hours (10-20) after the B; southward turning. The de-
crease will not be addressed further here.

These data suggest that B; southward events in the solar wind, when associated with major geomagnetic storms,
are a reliable predictor of dayside TEC increases, in some cases very significant. In figure 7 we examine the correla-
tion between the magnitude of the geomagnetic storm and the magnitude of the fractional TEC increase. The peak
Dst value reached for the storm is plotted against the peak TEC increase relative to quiet-time average over the pre-
ceding two days. There does appear to be a general correspondence between the largest TEC increases and the larg-
est Dst values, although with significant case-to-case variability. For example, Dst values in the range 360-380 are
associated with peak TEC increases in a broad range of 63%-163%. The largest geomagnetic storm (Dst reaches —
451 nT) is not associated with the largest TEC fractional increase, which occurred for the November 8, 2004 storm.
We note that the TEC averages reported in this study must be regarded as an approximate quantity, as the true TEC
average in the region studied differs from the measured values because the distribution of receivers in the region
varies with Universal Time. We expect the inherent “noise” in the analysis technique is a significant contributing
factor to the results in Figures 6 and 7. Nevertheless, it does appear that significant dayside TEC increases are a
common feature of superstorm events.

These storms occurred at varying phases of the solar cycle, so the fractional increases occurred over highly vary-
ing quiet-time backgrounds, because of the variable ionizing solar flux which declines with solar cycle. Analysis of
these events in terms of absolute TEC increase may be worth further study.

There may be several physical effects leading to the general patterns observed in figure 6. Following the interpre-
tation of Tsurutani et al. (2004b), we expect that promptly penetrating electric fields from enhanced magnetospheric
convection are responsible for at least some of the observed TEC increase caused by the uplift/reduced recombina-
tion mechanism mentioned earlier, particularly those that occur rapidly after B; southward turning. The detailed
relationship between enhanced convection and magnitude of TEC increase, including pre-conditioning factors such
as the ionospheric conductivity pattern possibly modulated by auroral precipitation, and the effectiveness of inner-
magnetosphere shielding on the dayside, is a complex subject requiring further study and modeling.

Table 1: Event dates and times for figure 6.

B; South Minimum B; South B; South B; South
Start Date Date Dst Value (nT)  Time UT hours Time (2) Time (3)
4/4/00 4/6/00 -290 17.0
7/13/00 7/15/00 -290 16.8
11/4/01 11/8/01 -265 20.2 3.1 15.2
3/29/01 3/31/01 -358 4.7 15.7
10/26/03 10/29/03 -363 18.2
10/26/03 10/30/04 -400 17.6
11/18/03 11/20/03 -451 12.6
7/15/04 7/17/04 -79 17.5 23.5
11/6/04 11/7/04 -380 20.6

For the October 2003 events, we have examined electric field data from the DMSP satellite F13 to assess whether
these data reflect disturbed conditions at low latitudes. The data are shown in Figure 8 and are only available from
dusk or dawn local time; we used dusk data. In figure 8a (left panel), the electric field values within £10 degrees
geomagnetic latitude measured by DMSP (SSIES) are shown for each pass, for several days starting with October



25, 2003, color coded by direction (black is westward, red is eastward). The electric field is nearly always westward
until October 29 and 30, when larger eastward values appear. Figure 8b is an expanded plot centered on the storm
days, showing the appearance of large eastward directed fields shortly after the B; south events listed in Table 1, as
indicated by vertical lines. Although these electric field data are only available at dusk and not daytime, the appear-
ance of eastward-directed fields appearing when they do is suggestive of low-latitude electrodynamic disturbance
connected to solar wind conditions. (The earlier eastward field event on October 29, at ~102 hours in Figure 8a, is
nearly coincident with a large but short-lived B; southward event at ~4 UT on October 29, which is not considered
in this analysis of persistent B; south events).

5. Observations From Space-borne GPS

The analysis of average regional TEC in the previous section suggests that TEC increases are a common feature
associated with persistent B; southward turnings and the resulting superstorms. The detailed spatial structure of the
TEC increase is not revealed by this analysis. In this section, we use GPS receivers on a low-Earth orbiting platform
(CHAMP) to provide more information on the structure of the TEC increases as a function of latitude, taking advan-
tage of the satellite orbit to measure TEC versus latitude at the fixed local time of the orbit.

Daytime observations of the TEC above the CHAMP satellite altitude of 400 km on Oct 30 were available from
the upward-viewing GPS antenna, plotted in Figure 9 (1300 local time). Slant measurements are used to estimate
vertical TEC directly above the satellite as mentioned earlier. There are generally several points at a given epoch
(seen as multiple traces for a single color) because there is more than one GPS satellite in view of CHAMP at eleva-
tions greater than 40 degrees. The separate traces generally agree, except for the red traces between 40 and 60 de-
grees latitude, which differ because of the azimuth of the raypaths to the GPS satellites: the lower TEC values are
associated with a satellite being tracked in the northwest direction versus northeast/east-directed azimuths for the
higher TEC values. These traces differ because of unusually large horizontal TEC gradients in the vicinity of the
satellite.

Three daytime ascending passes are shown in Figure 9, the first starting within one hour of the interplanetary B,
south event, and the two subsequent passes. The first latitudinal profile shows the typical “two-peak” structure char-
acteristic of the quiet-time equatorial anomaly [Hanson and Moffett, 1966].

The next pass (red), starting at 2012 UT, measures a vastly increased TEC above CHAMP, up to 200 TECU, with
the peaks farther apart. This trace begins approximately 2.75 hours after the onset of the IMF southward-B; event at
1736 UT. The TEC increases still further to ~350 TECU in the southern hemisphere at approximately 4 hours after
the onset of the IMF southward- B; event (second pass after southward B, shown in black). The twin peak features
previously identified as an equatorial anomaly now appear at mid-latitudes (£ 28 degrees). The ionospheric TEC
above CHAMP altitudes has increased by nearly an order of magnitude (900%) at mid-latitudes (e.g. -30° geomag-
netic).
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Figure 7: Peak percent TEC change in the analyzed region compared to quiet-time average of
the preceding two days, for the events considered in figure 6, versus peak Dst excursion magni-



tude for the storm.

In Figure 9, we also plot estimated vertical TEC obtained from ground-based GPS receivers in North America
(red and blue dots at 38 and 39 degrees geomagnetic latitude), for measurements located within =6 minutes and
within +3 degrees longitude of the CHAMP location projected to the Earth’s surface. Prior to the interplanetary
event’s impact (blue dots), the electron content above the CHAMP altitude of approximately 400 km is about half of
the total electron content measured from the ground. After the interplanetary event (red dots), the fraction of elec-
tron content above CHAMP has increased significantly, suggesting more plasma resides at higher altitudes where
recombination rates are reduced. This shift in the vertical plasma distribution is consistent with upward plasma drift
on the dayside causing TEC increases.
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Figure 8: Electric field data from the SSIES instrument onboard the F13 DMSP satellite when the satellite was
within +10 degrees geomagnetic latitude at dusk (1745 LT). Black indicates westward fields and red eastward.
The left panel shows several days of data starting with October 25, 2003, and the right panel is focused on the
October 29-30, 2003 storm period. Vertical lines correspond to B; south event times.

Preliminary modeling results computing low to mid-latitude TEC using the NRL first-principles ionospheric
model SAMI2 [Huba et al., 2000] are presented, based on a simulation study comparing observations obtained at
Millstone Hill with model results during storm time conditions [Swisdak et al., 2005]. The results presented here are
in qualitative agreement with the results presented in Figure 9 (assuming that the structure of electron content above
CHAMP altitude is similar to total electron content structure). The purpose of the simulations is to illustrate the im-
pact of a strong, eastward electric field and a strong equatorward neutral wind on the structure of the low- to mid-
latitude ionosphere. Three simulations were performed: (1) quiet day as a benchmark, (2) strong eastward electric
field and a quiet day wind, and (3) strong eastward electric field and a strong equatorward neutral wind. A simple
sinusoid model of the vertical ExB drift at the magnetic equator is used; the peak drift speed was 40 m/s on the
quiet day and 120 m/s on the storm day. These drifts correspond to peak electric fields of roughly 1.0 mV/m and 3.0
mV/m, respectively. The strong wind case imposed a strong equatorward wind (Vn = 250 m/s) at the time of peak
ExB drift. The simulation longitude is chosen to pass over Millstone Hill (288.5° E longitude). The vertical TEC for
these runs is shown in Fig. 10 for 1315 LT. The black curve denotes the quiet time simulation, the blue curve the
strong eastward electric field, and the red curve the strong eastward electric field and strong equatorward wind. The
imposition of a strong electric field substantially increases the vertical TEC and broadens the width of the ionization
crests. Adding the strong equatorward neutral wind largely enhances the TEC but does not broaden the ionization
crests significantly. These results are generally consistent with those presented in Fig. 9. The simulation results are
suggestive of the physical processes responsible for the observed increase in TEC and widening of the ionization
crests; in a future work we intend to perform simulation studies to be directly comparable to data.
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Figure 9: The super-satellite integrated electron content (IEC) as measured by the CHAMP
spacecraft is shown at (blue trace) and after (red and black traces) the onset of the interplanetary
event of October 30. The local time of the CHAMP orbit ranges from 1230-1330 LT for lati-
tudes within 60 degrees. Points missing near the anomaly trough are due to the elevation angle
cut-off. The universal times of the —40 and +40 degree latitude cross-over points are shown for
each trace. Also shown in the upper right are the geographical location of the traces. Total elec-
tron content averages from ground data near to the CHAMP ground track are shown as round
dots.

The TEC above the CHAMP satellite for the November 7, 2004 storm is shown in Figure 11, obtained when
CHAMP was in a 1400 local time orbit. The blue trace was obtained just prior to the B; southward turning and the
red and black traces are the two passes immediately following the interplanetary event after it reached the magneto-
pause. Additional changes are seen for this event in the next two passes (magenta and green traces). The equatorial
crossing times are indicated in the figure. Before the interplanetary event, the absence of the twin-peak anomaly
structure suggests that tidally generated quiet-time eastward electric fields were weak at CHAMP longitudes prior to
onset. Immediately after IMF onset, TEC increases are observed without the equatorial anomaly structure. Eventu-
ally, the twin-peak anomaly structures form, resulting in widely separate peaks and large increases in mid-latitude
plasma content, qualitatively similar to the October 30 event.

Plasma uplift may be creating the large TEC increases observed here, but the detailed temporal evolution of the
increase appears qualitatively different than that observed on October 30, 2003. We note that the measured solar
flux at 10.7 cm wavelength (UV radiance proxy) is 271.4 for October 30, 2003 versus less than half that value
(124.1) for November 8, 2003. Less UV production of plasma may reduce the intensity of the daytime super-
fountain, which may be one factor contributing to the differences observed between the November 8, 2004 and Oc-
tober 30, 2003 events. The relatively long period over which electric fields appear to be acting raises questions
about the effectiveness of dayside shielding for this event, if the fields originate from magnetospheric convection as
we expect (see Tsurutani et al., 2004b).
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Figure 10: Modeling results comparing TEC under quiet time conditions (black), an applied sinusoidal electric
field model with peak eastward field of 3 mV/m (blue), and an additional strong equatorward neutral wind (Vn =
250 m/s) applied at the time of peak ExB drift (red).
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Figure 11: CHAMP observations of TEC above 400 km altitude, similar to Figure 9, for the event on November
7,2004.
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5. Conclusions

A multi-event analysis of ionospheric total electron content at low to mid-latitudes suggests that significant in-
creases are a common response to the onset of increased interplanetary electric fields leading to superstorms. The
most plausible physical mechanism for the TEC increase is prompt penetration electric fields resulting from in-
creased magnetospheric convection and large under-shielded Region 1 currents entering the high-latitude iono-
sphere, causing dayside eastward directed electric fields and plasma uplift. Raising the plasma to higher altitudes
decreases the average recombination rate of the plasma, while plasma production at lower altitudes due to solar pho-



tons continues unabated. The net result is a significant overall increase in daytime TEC at low to high latitudes, as a
result of this “dayside super-fountain” effect. Peak TEC increases over the daytime region between +40 degrees
latitude are commonly in the range 50-200%, whereas TEC increases above 400 km altitude of nearly an order of
magnitude have been observed at mid-latitudes for the Halloween storms of 2003.

The dramatic hemispheric changes reported here have major practical consequences because the overall TEC in-
creases may intensify spatial TEC gradients and irregularity formation due to mechanisms such as Subauroral Po-
larization Streams (SAPS) electric fields (Foster et al., 2002b), which also become intense during geomagnetic
storms. Therefore, it is important to understand in more detail the physics of the daytime super-fountain and its de-
pendence on: solar wind parameters, ionospheric and magnetosphere conditions and preconditions, and the effec-
tiveness of inner magnetospheric shielding.
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